Inflammatory dilated cardiomyopathy (iDCM) denotes cardiac dysfunction due to myocardial inflammation (myocarditis). Progressively impaired cardiac contractility, fibrosis and dilation of heart chambers characterise iDCM phenotypically, and are associated with poor clinical prognosis. Cardiotropic infections followed by autoimmune responses against heart tissue are the most common cause of iDCM. The pathophysiology of iDCM is still poorly understood. Nevertheless, our understanding of the molecular mechanisms of inflammatory heart failure advanced during recent years. In fact, recent mechanistic insights might open the view for novel diagnostic and therapeutic approaches for iDCM patients in the future. In this review we update our knowledge on disease mechanisms, summarise current clinical approaches for iDCM patients, and discuss future therapeutic options.
Heart failure affects around 1%-2% of the general population in developed countries and prognoses remain poor despite medical advances [1, 2] . Inflammatory dilated cardiomyopathy (iDCM), which most commonly results from infection-triggered myocarditis, accounts for around a tenth of heart failure cases [3] . Epidemiological data further suggest that iDCM is an important cause of heart failure and sudden death in children and young adult patients [4] . Myocarditis usually results from infections with viruses or the protozoan Trypanosoma cruzi (Chagas' disease), and is often associated with autoimmune responses against heart tissue. In most of these cases, histology reveals a predominantly lymphocytic pattern of infiltrates. In some of the affected patients, myocarditis can evolve into a chronic inflammatory process, which results in dilation of heart chambers, excessive accumulation of fibrillar, mainly type I, collagen, and impaired contractility. Clinical presentation of myocarditis is highly variable and ranges from an asymptomatic course to fulminant heart failure and sudden cardiac death. The broad clinical picture of myocarditis also includes chest pain and electrocardiogram (ECG) alterations, which cannot be differentiated from the acute coronary syndrome on the basis of symptoms only [5] . Therefore, a diagnosis of myocarditis is usually not straightforward and warrants a variety of examinations. Serum levels of troponins I and T, C-reactive protein, and several cytokines have been suggested as helpful diagnostic biomarkers, but they all lack sensitivity and specificity. Right heart catheterisation and coronary angiography provides haemodynamic data and helps to exclude coronary abnormalities, but is not diagnostic. Echocardiography is critical to assess cardiac function, pericardial effusion and potential valvular abnormalities during the initial diagnostic work-up, but is also not diagnostic for myocarditis. Cardiovascular magnetic resonance imaging (CMR) allows visualisation of even smaller lesions in the myocardium, but its specificity for inflammation is still under investigation. So far, endomyocardial biopsies still represent the diagnostic gold standard despite their low sensitivity. Heart biopsies are usually analysed for the presence of eosinophils, giant cells, macrophages, granulocytes or lymphocytes. Myocarditis was originally defined using the Dallas criteria of an "inflammatory infiltrate of the myocardium with necrosis and/or degeneration of adjacent myocytes not typical of ischaemic damage associated with coronary heart disease" [6] . Of note, the sensitivity and prognostic relevance of myocardial biopsies can be enhanced with immunohistochemistry. Detection of >14 CD3 + T cells or CD68 + macrophages per high power field by means of immunohistochemistry provides a more sensitive and prognosticly relevant diagnostic criterion for inflammatory cardiomyopathy than the meanwhile almost historical Dallas criteria [7] . Additionally, increased intracardiac expression of human leucocyte antigens (e.g. HLA-DR) or adhesion molecules (e.g. intracellular adhesion molecules) have been suggested to reflect inflammatory activity of myocarditis.
The aetiology of myocarditis
Inflammatory dilated cardiomyopathy results from myocarditis. As mentioned above, there is a wide variation in the presentation of myocarditis, which can range from fulminant heart failure to very subtle signs of nonspecific inflammation. Importantly, and as we will discuss later, the extent of initial cardiac inflammation does not at all imply that acute myocarditis will really progress to iDCM and end stage heart failure. Myocarditis can develop as a result of infectious and noninfectious triggers (table 1) . Viruses are the most important causes of myocarditis in the western world and usually give rise to a pattern of lymphocytic infiltration in the myocardium. Enteroviruses, especially Coxsackievirus B, but also hepatitis C virus, cytomegalovirus and adenoviruses were commonly reported in biopsies in the past [8] [9] [10] . In more recent studies from Germany, human herpesvirus 6 and parvovirus B-19 were predominant [11, 12] . Whether this represents a geographical observation that might be due to methodological differences or a true change in virus predominance is still controversial [13] . Recent reports associate myocarditis also with H1N1 influenza [14] . In addition bacteria such as Borrelia burgdorferi (Lyme disease) or parasites such as Trypanosoma cruzi (Chages' disease) are important causative organisms in certain regions of the world. Noninfectious causes of myocarditis include drug-induced hypersensitivity syndromes that might be triggered by numerous drugs such as diuretics (hydrochlorothiazides, furosemide), antibiotics (ampicillin, tetracycline, azithromycin), neuroreactive drugs (phenytoin, tricyclic antidepressants, benzodiazepines) [15] [16] [17] and tumour necrosis factor (TNF) antagonists [18] . Also local trauma caused by irradiation or after cardiotomy can lead to myocarditis. Several autoimmune disorders such as Churg-Strauss syndrome [19, 20] , or systemic lupus erythematosus [21] can also lead to an inflammatory response within the myocardium. Giant cell myocarditis represents a rare and distinct disease entity with a specific histological pattern and poor prognosis. Its pathogenesis, however, is not clear yet, and there is so far no evidence for a causative infectious agent. Autoimmune mechanisms are most likely involved, given the fact that giant cell myocarditis often affects people with a history of autoimmune disorders.
From acute inflammation to iDCM
There is no clear consensus on the meanings of the terms "myocarditis" and "inflammatory dilated cardiomyopathy (iDCM)", with some authors speaking of iDCM also in the phase of acute cardiac inflammation. To us, iDCM refers to a functionally impaired and morphologically altered heart, with histological/immunohistochemical evidence of both inflammation and tissue remodelling (e.g. Masson's trichrom staining for fibrosis or CD3 + /CD45 + staining for inflammation). It is difficult to assess the absolute risk of developing iDCM after myocarditis, mainly because there is no noninvasive gold standard for early and sensitive diagnosis of myocarditis. Therefore, a substantial number of subclinical cases of myocarditis might go undiagnosed, eventually leading to an underestimation of the absolute risk for iDCM development.
Criteria predicting iDCM progression
Several observational trials aimed at identifying clinical factors that could predict the development of iDCM after a diagnosis of viral myocarditis. Goldberg et al. reported in a series of 109 biopsy-proven cases of active myocarditis that left bundle-branch block (relative risk [RR] 2.9), impaired left ventricular function of <40% (RR 2.9) and syncope (RR 8.5) were associated with a fatal course or need for transplantation [22] . Pulmonary hypertension is another risk factor in iDCM. Elevated pulmonary pressures are in general associated with adverse outcomes in cardiomyopathies [23] , but this is even more important in iDCM [24] . More recently, elevated blood levels of interferon-β were reported to be predictive of better clearance of the myocardial virus load and improved survival on follow-up [25] .
Importance of the initial inflammatory response
So far, we still cannot adequately explain why myocarditis progresses to iDCM in some patients while others recover completely. The induction of major histocompatibility and intercellular adhesion molecules on cardiac myocytes indicate an autoimmune inflammatory response in patients with myocarditis or inflammatory dilated cardiomyopathy [26] . HLA class II genes are highly polymorphic, but nevertheless the majority of autoimmune diseases, including myocarditis with dilated cardiomyopathy, are linked to a limited set of class II-DR or -DQ alleles. This may partially explain the increased risk of cardiovascular disease in patients with chronic inflammatory conditions [27] . A It has been recently reported that heart-specific human and mouse T cells recognising cardiac myosin are not eliminated during negative selection in the thymus [34] . Activation of self-antigen specific T cells, however, does not necessarily lead to a pathogenic response. Development of autoimmune-mediated inflammation mostly depends on the cytokine profile produced by autoreactive T cells. So far, three major subsets of CD4 + T helper cells, Th1, Th2 and Th17 cells, were reported to be involved in autoimmune processes in animal models and in humans [35] [36] [37] [38] [39] . However the ultimate Th subset or cytokine profile mediating myocarditis remains elusive. Whereas effector Th cells promote inflammation, another subset of regulatory T cells serves to control it. Depletion of regulatory T cells results in multiorgan inflammation including fatal autoimmune myocarditis [40] . Furthermore, activation of autoreactive Th cells requires presentation of the self-antigen by antigen-presenting cells such as dendritic cells. In animal models, activation of pattern-recognition receptors on dendritic cells is critical for development of autoimmune myocarditis [41, 42] . Genetic factors including major histocompatibility complex genes have been shown to be involved in determining susceptibility or tolerance to autoimmunity. The human histocompatibility leucocyte antigen HLA-D region and its products, the HLA-DR antigens, are essential for the generation of specific T-cell mediated autoimmune responses. They control the mixed lymphocyte reaction (MLR), the graft versus host reaction in vivo and cell-cell interactions involved in immune responses. HLA-DR expression on T cells is a marker of T-cell activation [43] . It has been demonstrated that HLA-DR expressing T cells were markedly increased in the peripheral blood of patients with dilated cardiomyopathy [43] . HLA class II molecules including HLA-DR present antigenic peptides to CD4 + T cells, which is a prerequisite for T-cell activation. Ueno et al. concluded that HLA-DR expressed on the surface of activated T cells promotes immunoreactions that promote the proliferation of immune cells or cytokine production in iDCM patients [44] . Furthermore, there is evidence that several human HLA expression patterns predispose to the development of dilated cardiomyopathy and/or inflammatory cardiomyopathy [45, 46] .
Immunomodulating and immunosuppressive therapies for acute viral myocarditis and iDCM
A major problem in viral myocarditis and iDCM seems to be the inability of certain patients to successfully eradicate viruses from the myocardium [12] . Interferon-β treatment in entero-or adeno-virus positive patients with longstanding symptoms of iDCM resulted in clearance of the virus in 22 of 22 patients and significant improvement in heart function after 6 months [47] . Long-term follow up at 120 months demonstrated increased survival with interferon-β treatment as compared with patients that failed to clear the virus [25] . Interestingly, high endogenous levels of interferon-β correlated with higher spontaneous virus clearance and improved outcome [25] .
Another approach aims at autoimmune responses involved in iDCM development. This approach is based on the observation that, in some patients, inflammation persists even after clearance of the virus. However, in the Myocarditis Treatment Trial, immunosuppression with ciclosporin or azathioprine was not superior to supportive therapy in patients with acute myocarditis [29] . This is different in subsets of iDCM patients: Wojnicz et al. treated patients with iDCM for more than 6 months and increased immunohistochemical activation markers in cardiac biopsies in a placebo-controlled, nonblinded study with steroids plus azathioprine [48] . Although immunosuppressive therapy failed to improve death, transplantation or hospital readmission rates, it improved both left ventricular function and New York Heart Association (NYHA) class. Frustaci et al. selected, in a randomised, double-blinded study, iDCM patients without evidence of virus persistence in heart biopsies for immunosuppression, and showed marked functional improvement [49] . Intravenous immunoglobulin (IVIG) was also considered as a potential therapeutic candidate because of its immunomodulatory effects. Unfortunately, robust data are lacking, with only one larger randomised and appropriately blinded trial investigating the effect of IVIG in a cohort of 67 patients with recent-onset iDCM [50] . In this trial, left ventricular function increased in all patients over the study period of 1 year, with no additional benefit with IVIG. This is in contrast to a series of case reports that speak of dramatic improvements in some cases. In a more recent study, 17 patients with chronic iDCM and high myocardial parvovirus B-19 virusload were treated with IVIG, which improved left ventricular function and functional capacity within 6 months, but this study lacks both randomisation and a control group. We believe that more data from high-powered studies is needed in order to recommend routine use of IVIG in patients with myocarditis or iDCM. However, the use of IVIG might be reasonable in children [51] . The importance of heart-specific autoantibodies for the development and maintenance of myocarditis and iDCM [52, 53] prompted the evaluation of IgG adsorption via plasmapharesis as a therapeutic tool. In a study of 34 patients with iDCM and autoantibodies against β-adrenoreceptors, plasmapharesis of IgG resulted in improved functional capacity and left ventricular function. A later study further demonstrated that the beneficial effect is mostly due to reduction of a subgroup of IgG, IgG 3 [54] . All these studies, therefore, demonstrate possible therapeutic options for two groups of patients: those with failure to clear the virus from the myocardium, who might benefit from antiviral treatments; and those with persistent inflammation due to autoimmune mechanisms, who might profit from immunosuppressive therapies. To date, unfortunately, none of the above-described treatments is widely established in clinical practice and therefore remain to be administered in the setting of clinical studies.
Heart failure therapy for iDCM patients
Treatment concepts for iDCM mainly follow the general therapy for systolic heart failure as described in the current guidelines of the European Society of Cardiology (ESC; available online for free at www.escardio.org [55] ). Mainstays of medical therapy are angiotensin converting enzyme inhibitors, β-blockers, aldosterone antagonists and diuretics. Digoxin should be used with caution in the iDCM population as animal models point towards a possible adverse effect in myocarditis [56] . Indications for implantation of intracardiac defibrillators and/or cardiac resynchronisation therapy (CRT) devices follow the same guidelines as for the general heart failure population. Nevertheless, patients with active myocarditis are particularly prone to unexpected changes in lead threshold and/ or sensing owing to the ongoing inflammatory remodelling processes. Severe cases of myocarditis with acute deterioration or deterioration despite optimal medical therapy qualify for implantation of a temporary external ventricular assist device, which can stabilise the patient and bridge the time to transplantation or recovery [57] . Every patient with a diagnosis of active myocarditis should avoid competitive physical activity for at least 6 months, even if full recovery occurs before this [58] . This is especially important in patients with heart failure, or if an iDCM patient develops fever or laboratory evidence of systemic inflammation of any cause. Patients with myocarditis can develop potentially fatal arrhythmias, but they often resolve spontaneously after the acute phase and therapy is therefore often supportive. Continuous ECG-monitoring of hospitalised patients with acute myocarditis allows potentially life-threatening arrhythmias such as heart block or severe sinus bradycardia to be detected early. Owing to the high rate of spontaneous remission of arrhythmia after resolution of the acute inflammatory phase, devices such as permanent pacemakers or cardioverters/defibrillators are usually only recommended if myocarditis progresses, that is, iDCM develops or arrhythmias do not resolve. The current guidelines on ventricular arrhythmias and sudden death feature a detailed section on arrhythmia in myocarditis [59] .
The clinical presentation of myocarditis
The clinical manifestations of myocarditis can vary to a great extent. Acute myocarditis can remain subclinical and manifest only as transient ECG abnormalities or increases in troponin following a viral illness or vaccination. As an example, 4 out of 501 study participants (0.8%) showed increased troponin levels following vaccination for smallpox; however, the reported incidence of symptomatic myocarditis following smallpox vaccination is much lower at only 5.5 cases per 10,000 vaccinations [60] . On the other end of the spectrum, patients with the acute myocardial infarction-like syndrome present with chest pain suggestive of acute coronary syndrome, but no evidence of coronary stenosis on angiography. The majority of these patients were found to have evidence of myocarditis [61, 62] . The differentiation from acute ischaemia can be difficult in these cases as inflammatory patches in the myocardium during myocarditis can result in wall-motion abnormalities on echocardiography like those seen during ischaemia. If symptomatic, acute myocarditis often presents with the symptoms of a new-onset heart failure such as dyspnoea, exercise intolerance and fatigue. Echocardiography may show a normal or dilated left ventricle with left ventricular function ranging from low-normal to severely impaired, eventually requiring mechanical circulatory support. Heart failure in acute myocarditis often improves with standard heart failure therapy, and failure to do so should prompt further investigations such as endomyocardial biopsy (EMB; see next section). Chronic disease can manifest with slow deterioration of heart function over several months or persistent deterioration of heart function despite established medical heart fail-
Figure 1
The common clinical presentations of myocarditis and possible specific pathologies. The scheme is adapted from [64] . LV = left ventricle
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When to suspect myocarditis and how to plan the diagnostic workup
As outlined above, the main problem for clinicians in diagnosing myocarditis is the high variability of symptoms. It is therefore important to be aware of clues in the history of a patient that should prompt further investigations. In general, every new onset and otherwise unexplained cardiac abnormality, including clinical signs of heart failure, arrhythmias and conduction abnormalities, is suspicious. This is especially true in young patients, as well as in patients with a history of recent upper respiratory tract infection or enteritis. New-onset skin abnormalities such as exanthema and rashes may point to acute viral childhood infections such as parvovirus B-19 or drug reactions (e.g. following vaccination, change in medication, etc.). We recommend a two-step approach to the patient with suspected myocarditis: initial workup should include a thorough clinical examination with an emphasis on signs of heart failure and abnormal cardiac bruits or murmurs, as well as signs of associated diseases such as exanthema, organomegaly or lymphadenopathy. Electrocardiography is indicated to quantify specific or nonspecific repolarisation abnormalities, arrhythmias or conduction blocks that might prompt immediate intervention. Cardiac enzymes, especially troponins, are elevated in most cases of relevant myocarditis. However, the real sensitivity in the setting of myocarditis is unknown. Cardiac enzymes also lack specificity for myocarditis as they can be elevated in cases of pericarditis. Echocardiography is used to check left ventricular function and search for other causes of heart failure such as regional wall-motion abnormalities suggestive of coronary artery disease or valvular disease. We appreciate algorhithms, which allow us to exclude ischaemia with reasonable probability, but these methods are still not broadly available, validated and reliable. Coronary angiography should therefore be performed at a low level of suspicion of ischaemia. The second step includes more specific tests for myocarditis: endomyocardial biopsy (EMB) and cardiac magnetic resonance imaging (CMR). Unfortunately, the sensitivity of EMB is in general fairly low, even with five to ten samples per intervention, and the method carries a certain risk for complications (around 6%, of which 2.7% are due to sheath insertion and 3.3% due to the biopsy procedure [64] ). However, EMB remains the sole intervention that can with certainty confirm the general diagnosis of myocarditis and the specific subset of the disease. It is important that biopsies be taken from the left and right ventricles (septal region of the right and left ventricles plus the free wall of the left ventricle) to increase sensitivity. EMB is generally recommended in patients with haemodynamically relevant new onset of heart failure of less than 2 weeks duration, as well as in patients with new onset of heart failure for 2 weeks to 3 months duration that presents with a dilated left ventricle, arrhythmias and conduction blocks of type Mobitz II and above. In addition, EMB should be performed in patients with new onset of heart failure who do not improve within 2 weeks following initiation of medical heart failure therapy. Other scenarios that might prompt EMB include, for example, longer standing heart failure of more than 3 months. However, the evidence for EMB in these settings often lacks controlled studies and is based mostly on expert consensus. An excellent overview of the possible clinical scenarios that might benefit from EMB was published by Cooper and colleagues [64] . In real life, the most important factors limiting the usefulness of EMB are the hands of the interventional cardiologist and the examining pathologist, who both need to have profound experience of investigating myocarditis. These conditions are mostly met in big centres attached to the respective registries. We suggest that the indication for EMB should in general be discussed with a specialist cardiologist familiar with the method. CMR is another valuable tool in the diagnosis of suspected myocarditis. The advantages of CMR are its noninvasive nature and the good correlation with the diagnosis of myocarditis using EMB [65] . Furthermore, late gadolinium enhancement in CMR was demonstrated to be a strong predictor for mortality following myocarditis [66] . The importance of CMR is also reflected in the 2012 ESC guidelines for the diagnosis of heart failure, which recommend both CMR and EMB for the diagnosis of myocarditis [67] . However, one needs to understand that, so far, CMR cannot visualise the inflammation itself, only indirect signs such as oedema during the acute phase and fibrosis in the chronic phase. There are ongoing efforts to visualise the inflammatory infiltrate, but this is still used in animals and under experimental conditions only [68] . In clinical practice, the use of CMR might be limited by availability, patients carrying noncompatible implanted devices and the general lack of information derived from tissue biopsies, such as the presence of lymphocyte subsets or virus load.
Animal studies -what are the implications for iDCM patients?
The molecular mechanisms of the development of inflammatory heart diseases are poorly understood. Insight from animal models is required to better characterise the pathophysiology of inflammatory cardiomyopathy and to develop tools to specifically modulate disease progression. Mouse models are very useful in generating and testing hypotheses, as they mirror many mechanistic aspects of human diseases, mainly because of the possibility to over express or knock out specific target genes. In contrast, the ability to study disease in humans is limited as a result of ethical and technical concerns.
Animal models of autoimmune myocarditis
Animal models allow the cellular and molecular mechanisms of iDCM to be studied. Understanding of these mechanisms can lead to the development of more efficient and more precise treatment strategies. Animal models of experimental autoimmune myocarditis (EAM) offer an attractive option for the study of the critical process of transition from active inflammation to the end-stage heart failure phenotype in the absence of infectious agents. In the classical EAM model, susceptible rats or mice are either immunised with cardiac self-antigens together with a nonspecific adjuvant or injected with activated dendritic cells loaded with cardiac-specific peptides (nonclassical model) [41] . EAM is mediated by cardiac-specific CD4 + T helper cells that invade the myocardium and induce acute myocarditis. Later, inflammation largely resolves, but the process of pathological remodelling continues and many animals develop
Figure 2
Factors mediating myocardial fibrosis formation in inflammatory dilated cardiomyopathy (iDCM). Active heart inflammation (myocarditis) is characterised by the massive infiltration of mononuclear cells, including monocytes/ macrophages, granulocytes, T cells, dendritic cells, mast cells and cell progenitors. The inflammation slowly resolves and is replaced by fibrotic tissue. Postinflammatory tissue remodelling is a direct cause of heart failure in iDCM. Signalling orchestra modulates the transition from active myocarditis to iDCM. Tissue remodelling is associated with disruption of the highly organised myocardial extracellular matrix and excessive accumulation of collagen and collagen-producing myofibroblasts that leads to heart dysfunction. Mainly inflammatory progenitors and, to some extent, endogenous stromal cells or circulating myofibroblast precursors represent the cellular sources of myocardial myofibroblasts. The most potent factors mediating this specific transition from active myocarditis into iDCM are listed. CTGF = connective tissue growth factor; IFN = interferon; IL = interleukin; PDGF = platelet-derived growth factor; TNF = tumour necrosis factor myocardial fibrosis, ventricular dilation and heart failure on follow-up.
Remodelling of the inflamed heart
Cardiac dysfunction correlates with the extension of myocardial fibrosis [69, 70] . Pathological tissue remodelling is associated with disruption of a highly organised myocardial extracellular matrix and excessive accumulation of collagen and collagen-producing myofibroblasts. Degradation of extracellular matrix is under control of the family of zinc-dependent matrix metalloproteinases (MMPs) and their inhibitors -tissue inhibitors of MMPs (TIMPs). Inhibition of MMP activity may therefore be a potential therapeutic target [71] . In inflammatory heart diseases, there are two possible major scenarios for accumulation of pathogenic myofibroblasts. In myocarditis, some inflammatory cells can either transform into pathogenic myofibroblasts, or produce inflammatory mediators that activate and change resident cardiac fibroblasts into myofibroblasts. In EAM, inflammatory progenitor cells are identified as the major cellular source for myofibroblasts [72] . Although activation of resident fibroblasts is believed to represent a major mechanism of fibrogenesis in ischaemic heart failure, there are no direct data available to quantify their contribution to inflammation-triggered myocardial fibrosis.
Transition from active myocarditis into iDCM -key modulators
Data from animal models demonstrate that certain cytokines and growth factors produced by inflammatory cells control or modulate the transition from myocarditis to the iDCM phenotype. Transforming growth factor-β (TGF-β) is a primary profibrotic cytokine that regulates cell growth, apoptosis, differentiation and migration. In particular, TGF-β induces conversion of fibroblasts or progenitor cells into pathological myofibroblasts [72, 73] . Inhibition of TGF-β activity with blocking antibodies prevents development of postinflammatory fibrosis in EAM. Interleukin-1 (IL-1) is another inflammatory cytokine, which stimulates cardiac fibroblast migration, and controls collagen synthesis and MMP and TIMP expression [70] . IL-1 receptor signalling controls fibrogenic pathways not only in EAM [74] , but also in healing infarcts in ischaemic heart models [75] . In EAM, IL-17A is one of the major cytokines produced by autoreactive T cells. Recent data demonstrated that IL-17A is not required for myocarditis induction, as initially assumed, but controls disease progression and postinflammatory fibrosis formation by affecting TGF-β and IL-1β production and MMP activity. On the other hand, Fairweather and colleagues suggest that Th2 cytokines such as IL-4 and IL-13 also promote iDCM phenotype development [76] . Osteopontin is a cytokine that specifically regulates myofibroblast differentiation [77] . In EAM, osteopontin is dispensable for myocarditis development [78] and its role in fibrosis remains to be determined. However, insight from virus-triggered myocarditis models clearly associates osteopontin with cardiac fibrosis [79] . Another group of bioactive molecules contributing to the postinflammatory fibrotic processes in the heart are growth factors. In viral model of myocarditis, platelet-derived growth factor, as well as connective tissue growth factor, has also been suggested to mediate cardiac fibrosis [80] . All these results underscore the critical role of several specific inflammatory cytokines and growth factors in myocardial fibrosis, and therefore make the signalling pathways activated by these cytokines potential therapeutic targets. However, before translating experimental findings into clinical application, in-depth understanding of the mechanisms and biological function of the targeted molecule in physiological and in pathophysiological conditions is required. For example, although in animal models TNF-α has been recognised as an attractive target with clear proinflammatory and profibrotic activities, large-scale, randomised clinical trials evaluating TNF-α antagonists for the treatment of dilated cardiomyopathy had to be stopped early because of excessive mortality in the treatment group [81] . The mechanism responsible for the transition from active myocarditis to iDCM is a complicated process that involves several linked signalling pathways. One of the most important pathways requires activation of angiotensin II [82] . Angiotensin II, a crucial regulator of the cardiovascular system, is not only required for physiological functions such as maintaining the blood pressure, but is also involved in the pathophysiolgy of the heart, for example, in hypertension and atherosclerosis [82] . Angiotensin II contributes to fibrogenesis through the production of profibrotic factors and has been implicated in the pathogenesis of diverse cardiovascular diseases. Elevated intracardiac angiotensin II levels have been found in overloaded hearts with fibrosis [83] . Angiotensin II, together with TGF-β, endothelin-1, connective tissue growth factor and plateletderived growth factor work synergistically, which results in their important contribution to myofibroblast differentiation and fibrosis development. Moreover, under the pathological stress the heart reactivates several signalling pathways that traditionally were thought to be operational only in the developing heart. On one hand, Wnt signalling controls heart development, but on the other hand, it also plays a pivotal role in adult cardiac remodelling, mainly in the organ fibrogenesis during adult cardiac remodelling following heart injury of any cause. The canonical Wnt pathway is a series of events that occur when Wnt proteins bind to frizzled family receptors, ultimately resulting in translocation of β-catenin from the cytoplasm into the nucleus [84] . Consequently, inhibition of nuclear β-catenin signalling significantly reduced postinfarct mortality and the functional decline of left ventricular function following chronic left anterior descending coronary artery ligation [84] . Natural Wnt inhibitors -soluble frizzled-related proteins (sFRPs) -block Wnt-dependent activation of the canonical Wnt pathway. For example, sFRPs injected into the heart attenuated left ventricular remodelling [85] . Our unpublished observations also point to a critical role of Wnt signalling in postinflammatory remodelling in the heart also. Innate mechanisms also interfere with tissue fibrosis in inflammatory heart disease. We recently found that Tolllike receptor/MyD88 signalling on inflammatory cells controls fibrosis and iDCM progression in the EAM [74] . Moreover, Fairweather and colleagues [86] showed that in viral (Coxsackievirus B induced) myocarditis, Toll-like receptor-4 deficient mice show reduced levels of myocardial inflammation and of fibrosis development, indicating the important role of innate immunity in iDCM progression. Taking together, all mediators mentioned above might represent potential targets for therapeutic strategies aiming to reduce or inhibit pathological myocardial fibrosis in iDCM ( fig. 2 ).
Novel concept of progenitor cell-targeted therapeutic approaches in iDCM
Prevention of myofibroblast accumulation in the postinflammatory heart represents a novel potential therapeutical approach. So far, it has been believed that resident cardiac fibroblasts convert into myofibroblasts in response to inflammation and promote tissue fibrosis. Recent findings from the mouse model of EAM point to another concept of fibrogenesis in iDCM. Using the EAM model, we recently demonstrated that infiltrates in the acutely inflamed heart contain a pool of cells that differentiate into myofibroblasts in response to TGF-β signalling. Our data suggest that at least 60% of the myofibroblasts in end-stage remodelled hearts originate from extracardiac inflammatory cells [72] . We identified inflammatory CD133 + progenitor cells as a direct source of myofibroblasts in EAM [72] . Interestingly, CD133
+ progenitor cells are not only precursors of myofibroblasts, but rather represent multilineage progenitors, which under the specific conditions can also differentiate into macrophages, dendritic cells or even cardiomyocyte-like cells [87] [88] [89] . Thus, prevention of fibrosis can be achieved either by preventing fibrogenic lineage commitment or by inducing nonfibrogenic lineage differentiation of CD133 + progenitor cells. Accordingly, we showed that blocking TGF-β signalling completely prevents myofibroblast formation and fibrosis in EAM. Macrophage colony-stimulating factor (M-CSF) effectively stimulates macrophage lineage from CD133 + progenitor cells [89] . We showed that injection of M-CSF during acute myocarditis results in macrophage commitment of CD133 + cells, which show impaired capacity to form myofibroblasts. This treatment prevents also fibrosis formation in EAM [89] . These results allow us to propose progenitortargeted approaches as a novel category of potential treatments for iDCM patients in the future.
Limitations of therapeutic approaches modulating inflammatory tissue remodelling -the importance of early diagnosis and monitoring of disease
Underdiagnosis of active myocarditis, mostly due to a mild or even asymptomatic disease course, represents a major limitation for most preventive treatment approaches. In fact, most patients present in the later stages of disease progression, when the typical end-stage heart failure phenotype has already developed. The mechanisms of the development of inflammatory heart diseases development are poorly understood. Insight from animal models is required to better characterise the pathophysiology of inflammatory cardiomyopathy and to develop tools specifically to modulate disease progression.
In animal models, however, it is also difficult to follow clearly disease courses, as cardiac infiltrates or cellular components are routinely determined by postmortem analysis. Convectional approaches to scoring inflammation in animal tissues are limited and do not allow analysis of disease progression in the same animal. In order to gain insight into disease mechanisms in vivo, the development of reliable and reproducible imaging tools for visualising myocardial inflammation and tissue fibrosis are necessary. A noninvasive, quantitative measurement of disease severity would dramatically improve the quality of inflammation-related datasets, and significantly reduce the costs. A novel magnetic resonance-based imaging technique offers such an option. We have just reported the successful use of 19 F magnetic resonance imaging in picturing 19 F signal in the inflammatory cells recruited into inflamed heart during the peak of the EAM (fig. 3) 
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Figure 2
Factors mediating myocardial fibrosis formation in inflammatory dilated cardiomyopathy (iDCM). Active heart inflammation (myocarditis) is characterised by the massive infiltration of mononuclear cells, including monocytes/macrophages, granulocytes, T cells, dendritic cells, mast cells and cell progenitors. The inflammation slowly resolves and is replaced by fibrotic tissue. Postinflammatory tissue remodelling is a direct cause of heart failure in iDCM. Signalling orchestra modulates the transition from active myocarditis to iDCM. Tissue remodelling is associated with disruption of the highly organised myocardial extracellular matrix and excessive accumulation of collagen and collagen-producing myofibroblasts that leads to heart dysfunction. Mainly inflammatory progenitors and, to some extent, endogenous stromal cells or circulating myofibroblast precursors represent the cellular sources of myocardial myofibroblasts. The most potent factors mediating this specific transition from active myocarditis into iDCM are listed. CTGF = connective tissue growth factor; IFN = interferon; IL = interleukin; PDGF = platelet-derived growth factor; TNF = tumour necrosis factor
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